The effect of sonication on the particle size of lipopolysaccharide (LPS) in aqueous media was studied, in order to examine the relation of particle size to pyrogenicity in rabbits, by the sucrose density gradient ultracentrifugation technique. LPS extracted from E. coli UKT-B according to the phenol/water method showed a polydispersed profile on the gradients, but after sonication for 3 min it formed a single peak in the lower density regions. From the results of electron micrographic observations, partial specific volume, viscosity and turbidity measurements, and density gradient data, it was revealed that sonication produced a decrease in the particle size of LPS. A more marked pyrogenicity in rabbits was observed in the LPS fractions in the lower density regions than in the higher ones, or in the fractions having smaller-sized particles of LPS than in the fractions having larger particles.
Introduction
Pyrogenicity is well known to be one of the fundamental biological activities elicited by lipopolysaccharide (LPS)1,2) of gram-negative bacteria, and the biological activities of LPS, including pyrogenicity, are suggested to be greatly affected by the particle size, or state of dispersion, [3] [4] [5] [6] [7] [8] [9] [10] [11] since LPS extracted by the phenol/water method is usually considerably aggregated in aqueous media.12,13)During our studies on the pyrogenicity of LPS preparations, we found that sonication for 2 or 3 min significantly enhanced their pyrogenicity in rabbits; a part of these results was reported at the 28 th Symposium on Endotoxins in Japan.14) This result suggests that sonication might disperse the aggregates of LPS into smaller and more uniform particles with an optimum size for manifesting biological activities in aqueous media, resulting in an enhancement of pyrogenicity. This phenomenon is noteworthy because the pyrogenicity of LPS was affected significantly by this physical procedure, which is fundamentally different from the action of surfactants such as sodium deoxycholate, which dissociate the aggregates of LPS mainly by chemical forces into subunits and simultaneously reduce the pyrogenicity. 6, 9) In investigating what size of LPS particle is required for optimum biological activities, sonication seems to be a useful tool. This study was, therefore, undertaken to investigate in detail the dispersion state of LPS brought about by sonication in aqueous media by using the sucrose density gradient ultracentrifugation (SDGU) technique, in order to examine the relation of particle size of LPS to pyrogenicity and Limulus amoebocyte lysate (LAL) gelation activity. was found to be distributed almost evenly throughout the gradient, suggesting the presence of various sizes of LPS particles in aqueous media. However, the SDGU profile of sonicated LPS was different from that of the non-sonicated LPS, that is, a peak appeared in the profile and the peak shifted gradually toward the lower-density regions with increased period of sonication. This suggests that larger particles of LPS became smaller under the influence of sonication. However, sonication for more than 10 min no longer caused a positional change of the peak except for a small decrease of the peak area and a corresponding increase in the amount near the top of the gradient.
Particle Size of LPS Sonicated for 3 min The particle size of sonicated LPS (3 min) manifesting more potent pyrogenicity and LAL gelation activity as shown in Fig. 1 , was estimated by using standard RNA with known sedimentation coefficients (S) of 23, 16 and 5 + 6S as markers. The result is shown in Fig. 3 , suggests that LPS particles sonicated for 3 min have a definite size corresponding to standard RNA with a sedimentation coefficient of between 16 and 23 S.
Electron Micrography of LPS
The particle size of LPS was directly observed by electron micrography. The sizes of about 2000 particles of sonicated LPS were measured on the micrographs and compared with those of non-sonicated LPS as a control. The results obtained are presented in Table I , and some examples are shown in Fig. 4 . It was revealed that non-sonicated LPS was variable in length, but that after 2 min of sonication, LPS particles with a length of more than 320 nm Partial Specific Volume, Viscosity and Turbidity of LPS To clarify the effect of sonication on the particle size of LPS, some physicochemical properties were investigated. First, the partial specific volume of LPS was measured by using a density column consisting of bromobenzene and xylene. The value of the partial specific volume of non-sonicated LPS was approximately 0.717 ml/g, and did not change after sonication for 1, 2, 3, 5, 10 or 30 min.
Next, viscosity and turbidity changes of LPS induced by sonication were investigated. The results obtained are shown in Fig. 5 . Sonication for a few minutes caused a remarkable fall in the viscosity of LPS, but the viscosity did not change on further sonication. A similar result was observed in the turbidity change of LPS as shown in Fig. 5 . These results indicate that the particle size of LPS was decreased by sonication.
Discussion
LPS of gram-negative bacteria is usually composed of two contrasting parts, a hydrophilic part and a hydrophobic part, and is therefore amphiphilic. 19, 20) In spite of its favorable characteristics, it is only slightly soluble in water as well as in organic solvents. As pointed out previously,21,221 this property has made the study of LPS difficult. In measuring not only physicochemical constants of LPS but also its biological activities, careful consideration must be given to the dispersion state of LPS in aqueous media. Our data indicated that the dispersion state of LPS in aqueous media was not always uniform in terms of the aggregate size, and our attention was, therefore, focused on the effect of sonication, which is most frequently used as a means to disperse or dissolve slightly soluble materials uniformly in aqueous media. 23, 24) Sonication caused a stepwise shift in the sedimentation profile of LPS on the sucrose gradient, which may not always directly reflect a decrease in the particle size of LPS. The change in sedimentation behavior observed in the present experiment is, however, considered to reflect a decrease in the particle size of LPS from the present results, i.e., (1) that electron micrographic observations directly showed the decrease in the particle size of LPS by sonication, (2) that the partial specific volume of sonicated LPS was identical to that of nonsonicated LPS and (3) that the viscosity and turbidity of LPS were markedly decreased by sonication, and in addition, from other evidence that disaggregation of LPS lowers the sedimentation coefficient of LPS.25,26) Based on these observations, studies of the dispersion state of LPS in aqueous media were carried out in order to examine the relation of particle size to biological activities of LPS. As shown in Fig. 2 , sonication-induced disaggregation of LPS was demonstrated by SDGU. In other words, appropriate sonication made it possible for us to investigate LPS of limited size that retained the intact properties. Using this method, we found a potent pyrogenicity and LAL gelation activity of LPS in the lower density regions near 1.04 density on the sucrose gradient under the present experimental conditions, as shown in Fig. 2 , though this size is not the minimum that can be produced by the sonication (Fig. 2) . These results strongly suggest that there might be a definite optimum particle size of LPS required for the manifestation of pyrogenicity in rabbits and for LAL gelation activity. There are reports describing a reduction in pyrogenicity of LPS by a simple dissociation of LPS particles into subunits using surfactants such as sodium deoxycholate.6,9)However, in those experiments LPS has not always remained in an intact state. That is, considering that LPS was treated with surfactants to reduce its particle size, there remains a possibility that active sites of LPS might be masked by forming a complex with surfactants,2,11) resulting in a reduction of the pyrogenicity. To resolve this problem, it will be necessary to dissociate large particles of LPS into smaller ones without surfactants, or without undesirable modifications, and to isolate them for pyrogen test in rabbits.
The present experimental results showed that sonication decreased the particle size of LPS and that the most potent febrile response in rabbits was produced by smaller-particle-sized LPS in the lower density regions near 1.04 density on the sucrose gradient under the present experimental conditions. Sonication will be useful for studying the biological activities of LPS because it produces uniform-sized particles of LPS which show optimum activity and because smaller particles of LPS produced by sonication still retain the intact properties, probably without any modification except particle size.
